Abstract. We report changes in the seasonal cycle of atmospheric CO2 at high northern latitudes from 1980 to 1997 based on NOAA/CMDL observation stations. Using a combination of biogeochemical and atmospheric modeling approaches, we show that increases in early season net ecosystem uptake explain the recent trends in the seasonal cycle. A strong year-to-year correlation between spring temperatures and early season uptake further suggests that increased photosynthetic activity is the primary mechanism.' At the end of the growing season, a strong correlation between fall temperatures and late season releases provides evidence for a large active pool of decomposing soil carbon. Taken together, our results suggest that the seasonal timing of temperature anomalies may have important consequences for the interannual carbon balance of northern ecosystems.
Introduction
Predicting future levels of atmospheric CO2 and consequently greenhouse warming over the next century requires that we identify the contribution of a number of proposed mechanisms to recent changes in the annual net flux from terrestrial ecosystems, including a lengthening growing season [Keeling et al., 1996; Myneni et al., 1997] , CO 2 fertilization [Lloyd and Farquhar, 1996] , nitrogen deposition [Holland et al., 1997] , and forest regrowth [Houghton, 1996] . As many of the proposed mechanisms are likely to have distinctly different impacts on the seasonal cycle of net ecosystem production (NEP), information contained in the seasonal cycle of atmospheric CO 2 may allow us to identify the dominant mechanisms operating within individual biomes or continents.
Here we examine the role of a lengthening growing season on the carbon balance of northern ecosystems by analyzing changes in seasonal cycle of atmospheric CO2 in regions north of 50øN. We focus on high northern latitudes because large seasonal swings in temperature play a critical role in regulating ecosystem processes, and year-to-year changes in temperature have important consequences for ecosystem carbon balance as measured in tree rings and using eddy covariance techniques.
Seasonal changes in CO2:1980-1997
We analyzed CO2 data from all of the high northern lati- (Figure l a) . The monthly rates of change and the mean CO2 values (Figure l a) were also used to calculate the peak-to-trough amplitude change [Randerson et al., 1997] . The peak to trough amplitude increase for the combined time series from January 1980 to December 1997 was 0.60%/yr (p < 0.01) relative to the mean seasonal cycle for this period. While the pattern of negative summer and positive winter CO2 change rates was observed at other Northern Hemisphere stations further to the south, including Key Biscayne (25øN), Kumukahi (20øN) and Guam (13øN), the standard errors were much greater and the peak-to-trough amplitude increases were not significant at the p = 0.05 level. In four CASA model runs, NPP increases were confined to months before July, before August, after June, and after July ( Table I To reproduce the rapid decrease in monthly CO2 change rates between April and July observed at the high northern latitude stations, increases in ecosystem uptake are required early in the growing season (Figures l c) . The best fit between observed and modeled change rates occurred when NPP (and ecosystem uptake) increased before the month of July. When NPP increased during the entire year in proportion to the steady state seasonal cycle of NPP, simulated CO2 change rates lagged behind the observations by two months. 
Carbon flux and temperature anomalies
We investigated the effect of interannual temperature anomalies on CO2 exchange using surface fluxes from the all stations inversion analysis and Global Historical Climatology Network monthly temperature anomalies [Fose et al., 1992] . Fluxes at the start of the growing season show a significant negative correlation with spring temperatures (Figures 3a and  3b) . The negative correlation suggests that the increased early season uptake from 1980 to 1997 resulted from increased photosynthesis outpacing ecosystem respiration during spring and early summer. Warmer spring air temperatures would allow higher photosynthetic rates in conifers, permit leaf out to occur at earlier times in deciduous tree species [Goulden et al., 1996] , and cause an acceleration of snow melt-allowing photosynthesis to occur in mosses and low stature herbaceous species [Running et aL, 1999] . Further, much of the soil profile is frozen or at very low temperatures in regions north of 50øN during the spring, limiting the response of the soil microbial community.
In contrast, at the end of the growing season, soil temperatures are high and in permafrost regions, the depth of the thaw is at a maximum. During this period, surface fluxes show a significant positive correlation with temperatures, although there are no long-term trends (Figure 3c ). This is consistent with findings by Goulden et al. [1998] that document the presence of a large pool of active soil organic matter and peak rates of soil respiration during August and September in a northern black spruce forest. In addition, diminished light levels and photoperiod induction of leaf senescence in deciduous species during the fall may limit the response of photosynthesis to temperature anomalies.
No significant relationship was found between year-to-year carbon balance and the mean annual temperature (Figure 3d ). In addition, we found no significant relation between spring temperatures and the mean annual carbon balance or growing season net flux (data not shown). One possibility is that temperature anomalies that cause increased photosynthetic uptake early in the growing season lead to a greater cumulative thaw depth and respiration releases at the end of the season. Another possibility is that the higher temperatures cause greater evaporative demand, water stress, and fires later in the growing season. In either of these cases, the shape of the seasonal cycle of CO2 would show a large response even though the annual carbon balance would remain largely unchanged.
Discussion and conclusions
On longer (decadal) time scales, other factors besides temperature become critical in regulating in seasonal and annual terrestrial carbon exchange. With increasing levels of disturbance (from fires, insects, and harvesting), the area covered by deciduous shrub and tree species that are abundant in the early stages of secondary succession may be increasing. As deciduous species have a shorter and more intense growing season as compared to evergreen species, the shift in species composition and surface energy balance could also contribute to the observed changes in the seasonal cycle of CO2 [Chapin et al., 1996; Zimov et al., 1999] .
Increases in the peak-to-trough amplitude of the seasonal cycle of CO2 at high northern latitudes can be generated from increases in ecosystem uptake during the beginning, middle, or end of the growing season (Table 1 ). Here we demonstrate that it is increased ecosystem uptake during spring and early summer that most closely reproduces the observed changes in the seasonal cycle of CO2 from 1980 to 1997. Our analyses further suggest that there was no significant extension of the high-latitude growing season during the fall (CO2 uptake did not increase at the end of the growing season). The strong year-to-year negative correlation between inversion-estimated flux and spring temperature supports previous analyses that implicate spring warming in stimulating photosynthesis in high latitude terrestrial ecosystems [Keeling et al., 1996; Myneni et al., 1997] .
